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ABSTRACT: Few-layer graphene (FLG) supported ruthenium nanoparticle
catalysts were synthesized and used for the hydrogenation of levulinic acid (LA),
one of the “top 10” biomass platform molecules derived from carbohydrates.
FLG-supported ruthenium catalyst showed 99.7% conversion and 100%
selectivity toward γ-valerolactone (GVL) at room temperature in a batch reactor
under high-pressure hydrogen. This catalyst showed 4 times higher activity and
exceptional stability in comparison with traditional activated carbon supported
ruthenium catalysts (Ru/C). X-ray photoelectron spectroscopy (XPS) and
Fourier transform infrared spectroscopy (FTIR) studies suggest that the superior
catalytic properties of Ru nanoparticles supported on FLG in LA hydrogenation
could be attributed to the greater metallic Ru content present in the Ru/FLG in comparison to that in Ru/C.
KEYWORDS: biomass conversion, cellulose, levulinic acid, γ-valerolactone, hydrocarbon fuel, hydrogenation, graphene
1. INTRODUCTION
Depleting fossil resources and increasing concerns over
greenhouse gas emissions have led to global interest in
producing fuels and value-added chemicals from renewable
biomass feedstocks. Cellulose is the dominant component in
various biomass sources, such as municipal solid waste, paper
pulp sludge, sewage waste, animal manure, agricultural biomass,
and forest waste. Therefore, the conversion of cellulose and its
derivatives has spurred intense studies on biomass conversion.
Levulinic acid (LA), recognized as one of the “top 10” most
promising platform molecules derived from biomass by the U.S.
Department of Energy, is considered to be a very promising
candidate because of its easy production.1,2
LA can be produced in high yield (up to ∼80%) from
cellulosic feedstocks using 1−5 wt % sulfuric acid as the
catalyst.3 The commercialization of LA production has been
announced by several plants located in the USA (Segetis) and
Italy (GFBiochemicals). However, the need to use lime to
neutralize acid in the product solution and the energy-intensive
distillation for the separation of LA have increased production
costs. Recently, several groups have made signiﬁcant progress in
addressing this issue by replacing homogeneous mineral acid
with solid acid catalysts.4−8 Additionally, Gurbuz et al. reported
that LA can be extracted directly from aqueous solution using
alkylphenol solvents to form a biphasic system.9 LA can also be
separated by forming ethyl levulinate via esteriﬁcation with
ethanol in the presence of acid catalysts.10
The hydrogenation and subsequent dehydration of LA
produces γ-valerolactone (GVL) as the major product. GVL
is a versatile chemical, which has been used as a high-quality
solvent and as a food and fuel additive.11−13 Notably, it can be
used as the feedstock to produce hydrocarbon fuels. Bond and
co-workers has developed an integrated process combining the
conversion of GVL to butene via decarboxylation over SiO2/
Al2O3 catalyst with the subsequent oligomerization of butene
over HZSM-5 or Amberlyst 70 catalyst.13 The ﬁnal products
consist of mainly C8, C12, and C16 oleﬁns, which are good
candidates for gasoline and jet fuels.13 Serrano-Ruiz et al.
studied the conversion of GVL over water-stable Pd/Nb2O5
bifunctional catalyst.14 The products contain pentanoic acid
and 5-nonanone, which can serve as a source of chemicals or be
further upgraded to hydrocarbon fuels via hydrodeoxygena-
tion.14
The catalysts for the hydrogenation and dehydration of LA
mainly include heterogeneous catalysts,15 such as Raney Ni,16
Cu-Al2O3,
17 Cu-ZrO2,
17 CuO-Cr2O3,
15,18 Pt/C,19 PtO2,
16 Pd/
C,19 Ru/C,20,21 Ru/SiO2,
22 Ru/TiO2,
23 RuSn/C,24 and
Mo2C.
25 In 1930, Schuette and Thomas reported the
production of GVL by reducing LA with hydrogen at room
temperature using PtO2 as the catalyst.
16 The best yield of GVL
could reach 87%. Among all the catalysts studied since then,
Ru/C was found to be the most eﬀective for this reaction. Al-
Shaal et al. reported that 100% conversion and 97.5% selectivity
to GVL could be achieved over traditional activated carbon
supported ruthenium catalyst (Ru/C) at room temperature,
representing the best result obtained so far.26 However, they
also found that the Ru/C catalyst suﬀered from continuous
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deactivation during recycling, with the yield decreasing from
30% in the ﬁrst cycle to approximately 10% at the fourth cycle.
Therefore, designing catalysts with enhanced stability during
recycling is highly demanded.
Our strategy is to employ a new type of carbon material, few-
layer graphene (FLG), as the support material instead of
activated carbon to synthesize Ru catalysts. Graphene is a single
layer of sp2-bonded carbon atoms arranged in a honeycomb-
like lattice. It can be prepared by various methods such as
exfoliating graphite by physical or chemical means,27 chemical
vapor deposition (CVD) of hydrocarbons,28 epitaxial growth
on suitable substrates,29 or carbonization of carbonaceous
compounds.30 Because single-layer graphene can restack
together, FLG is commonly obtained after synthesis.27
Graphene has received considerable interest as a promising
catalyst support owing to its low cost, high surface area,
excellent thermal and chemical stability, and rich surface
chemistry.31 It has been reported that graphene or graphene-
supported metal/metal oxide composites could be used as
excellent catalysts for a number of catalytic applications,
including hydrolysis,32 photocatalysis,33 electrocatalysis,34
Fischer−Tropsch synthesis,35 Suzuki coupling reactions,36 etc.
Herein, we utilized a polyol approach to synthesize Ru
nanoparticles and then loaded them onto FLG to make
supported Ru catalysts. The FLG-supported Ru catalysts
showed high activity and selectivity in the hydrogenation and
dehydration of LA in the presence of molecular hydrogen.
Since the concentration of LA produced from raw biomass is
only 5 wt %, we performed most of the LA hydrogenation
reactions in an aqueous solution only containing 5 wt % LA to
demonstrate that no preconcentration is necessary before the
LA to GVL conversion.
2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterizations of the Catalysts.
FLG-supported Ru nanoparticle catalysts (Ru/FLG) were
prepared with a bottom-up approach (experimental details
are given in the Supporting Information). Ru nanoparticles
were synthesized by reducing the RuCl3 precursor in ethylene
glycol at 160 °C in the presence of sodium hydroxide and
polyvinylpyrrolidone (PVP). As-synthesized Ru nanoparticles
were isolated from ethylene glycol after adding excess acetone,
puriﬁed by washing with ethanol/hexanes, and then redispersed
in ethanol to form a stable solution. Subsequently, FLG was
added to the above solution to allow Ru nanoparticles to be
adsorbed onto the graphene surface. Finally, Ru/FLG catalysts
were obtained after removing the solvents.
The TEM images of Ru/FLG are shown in Figure 1a,b. Ru
nanoparticles were dispersed uniformly on the graphene surface
without any aggregation. The average particle size was found to
be 1.1 ± 0.2 nm (Figure 1c). The actual loading of Ru in
graphene-supported Ru nanoparticle catalyst was 2.0% by
weight, determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES) analysis.
FLG was obtained with thermal exfoliation of graphite oxide
at 700 °C under 10% H2/Ar ﬂow (experimental details are
given in the Supporting Information). Figure 2 shows the X-ray
diﬀraction (XRD) patterns of pristine graphite, as-synthesized
graphite oxide (GO), FLG, and Ru/FLG. Pristine graphite
shows a characteristic (002) peak at 26.6°. After oxidation, the
(002) peak of graphite oxide downshifted to 11.3°, indicating
an interlayer separation of about 7.8 Å. The dominant interlayer
distance suggests that the graphite oxide layer was mostly
intercalated.37 After thermal exfoliation under 700 °C in
ﬂowing 10% H2/Ar, the sharp peak at 11.3° disappeared,
suggesting the reduction of GO and exfoliation of GO layers.38
However, the broad peak at 26.2° for FLG may indicate some
amount of reclustering.39 Therefore, the graphene support used
in this study mainly contains multilayered graphene/graphite.
After Ru nanoparticles were loaded on FLG, the XRD pattern
did not show signiﬁcant changes, mainly because very small
particles do not have long-range ordering to facilitate visible
XRD peaks and the loading of Ru is low.
Graphene samples were also characterized with N2
physisorption (Figure S1 and Table S1 in the Supporting
Information). The adsorption−desorption of FLG and Ru/
FLG showed type IV characteristics with a hysteresis loop in
the range of 0.49−0.99, suggesting the mesoporous structure of
these samples (Figure S1). The Brunauer−Emmett−Teller
(BET) surface area of FLG was determined to be 420 m2/g.
The speciﬁc surface area values are lower than the theoretical
Figure 1. (a, b) TEM images of as-synthesized 2.0% Ru/FLG, and (c) size distribution of Ru nanoparticles. The size distribution was obtained by
counting more than 200 nanoparticles.
Figure 2. XRD patterns of pristine graphite, graphite oxide (GO),
FLG, and Ru/FLG.
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value for a graphene monolayer (2630 m2/g),40 which also
indicated the existence of the multilayer graphene support used
in this study. However, after ruthenium nanoparticles were
loaded, the surface area was dramatically reduced (74 m2/g),
mainly owing to the restacking of graphene layers during the
preparation of Ru catalysts. Meanwhile, the pore volume also
dropped from 1.15 to 0.20 cm3/g. The reduction in surface area
and pore volume is mainly owing to restacking of graphene
layers during the mixing and solvent removing process. We
have made a control sample with wetness impregnation and
freeze dry method (Ru/FLG-WI, freeze dry), which gave a
higher BET surface area of 193 m2/g and a larger pore volume
of 0.35 cm3/g (Table S1).
It is of interest to study the chemical states of ruthenium in
graphene-supported catalysts. However, it is diﬃcult to use XPS
to characterize the oxidation state of Ru due to the overlap of
Ru 3d and C 1s bands in the range of 280−290 eV (Figure S2
in the Supporting Information). X-ray absorption near edge
spectroscopy (XANES) can overcome this drawback and is able
to measure the sample without exposure to air, which is
important to the measurement of air-sensitive metals such as
Ru. We measured the oxidation state of Ru in Ru/FLG after
reduction in situ with 3.5% H2/He at 150 °C for 1 h. As shown
in Figure 3, the white line of the Ru K edge XANES of the Ru/
FLG sample is located at 22137 eV, which is between those of
Ru foil (22132 eV) and RuO2 (22139 eV) standard samples.
On the basis of the linear ﬁtting41 of the Ru/FLG sample using
the two standard samples as the references, the Ru component
in Ru/FLG catalyst is found to be mainly composed of 46.2%
Ru(0) and 53.8% Ru(IV). The signiﬁcant amount of oxidized
Ru could be due to the small particle size, which is hard to
reduce.42−44
2.2. Catalytic Performance of Ru Catalysts in the
Presence of Molecular Hydrogen. The hydrogenation and
dehydration of LA (Scheme 1) was carried out in aqueous
solutions containing 5 or 10 wt % LA (Table 1). When Ru/
FLG catalyst was employed (substate to metal ratio 4400),
99.7% conversion of LA and 100% selectivity to GVL could be
obtained at room temperature within 12 h (entry 1, Table 1).
Even when 5 wt % LA aqueous solution was used (substrate to
metal ratio 1460), we can still achieve 99.3% conversion of LA
and 97.7% selectivity to GVL within 8 h (entry 2, Table 1).
Since 5 wt % LA could be readily obtained from the hydrolysis
of carbohydrates in the presence of 1−5% mineral acid,3,45 our
results indicate that the solution from the LA production
process does not need any preconcentration process (e.g.,
extraction and distillation). The LA hydrogenation product,
GVL, can be separated from the aqueous solution at lower costs
due to its lower boiling point and more hydrophobic nature in
comparison to LA.46 After neutralization of the crude LA
solution, Ru/FLG catalyst could be directly applied to
hydrogenize LA for the production of GVL, which would
decrease the cost in GVL production.
We also prepared several other ruthenium catalysts as the
control samples and tested them under the same reaction
conditions (entries 3−6, Table 1) (experimental details are
given in the Supporting Information). When FLG was replaced
by other support materials, such as activated carbon (AC), silica
gel, and Vulcan XC72R carbon, lower conversions (53−63%)
and selectivities to GVL (64−71%) were observed (entries 4−
6). Furthermore, similar conversion (60.4%) and selectivity
(53.8%) were observed when no support was used (PVP-
stabilized Ru nanoparticles, entry 12). The average production
rates of GVL were 45−84 molGVL gRu−1 h−1, only about
25−50% of that obtained using Ru/FLG (178 molGVL gRu−1
h−1). When a commercial catalyst Ru/C was used (entry 7,
Table 1), the average production rate of GVL (63 molGVL gRu
−1
h−1) was at the same level as for the other control catalysts. As a
comparison, entries 10 and 11 show the results obtained from
the literature using Ru/C and PtO2, which showed moderate
activity in this reaction at ambient temperature. However, the
average production rate of GVL was only about 6.5−6.8 molGVL
gRu
−1 h−1 in each case.
In general, we found that the graphene support enhanced the
activity of the catalysts by 2−4-fold in comparison with other
traditional supports. To better understand the function of
graphene, we also employed the wetness-impregnation (WI)
method to prepare FLG-supported ruthenium catalyst (2.8%
Ru/FLG-WI). Slightly lower conversion (95.5%) and selectivity
to GVL (88.5%) could be achieved (entry 3, Table 1). The
production rate of GVL is 155 molGVL gRu
−1 h−1, comparable to
that obtained over Ru/FLG catalyst.
We also prepared a control catalystan oxidized Ru catalyst
supported on graphene (denoted as “Ru/FLG, oxidized”) by
treating a Ru/FLG sample in 10 mL of 30% hydrogen peroxide.
The oxidized sample was separated, washed with deionized
water, and subsequently used for the LA conversion reaction
under the same reaction conditions. Please note that no
reduction procedure was carried out at 80 °C for the oxidized
Ru sample, which was adopted by all other Ru samples in the
Figure 3. XANES of the Ru K edge of Ru/FLG catalyst and a
comparison of standard samples (Ru foil and RuO2 powder). The Ru/
FLG sample was reduced under 3.5% H2/He at 150 °C for 1 h to
remove surface-adsorbed oxygen. Subsequently, XANES measurement
was conducted at room temperature under the protection of 3.5% H2/
He.
Scheme 1. Hydrogenation and Dehydration of LA To
Produce GVL
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typical operation procedure. In the result shown by entry 13 in
Table 1, this catalyst showed signiﬁcantly lower conversion
(84.2%) and selectivity to GVL (85.0%), suggesting that
reduced Ru (Ru(0)) should be the major active site of the
reaction.
Ru/FLG catalyst was further tested under solvent-free
conditions (entries 8 and 9, Table 1) to show its versatility
in LA conversion under various reaction conditions. Solvent-
free conditions were preferred if LA was separated in advance,
because it could facilitate the later isolation and processing of
GVL derivatives.26 A conversion of 63.9% and 89.1% selectivity
to GVL could be achieved over this catalyst after 32 h. The
average production rate of GVL is slightly lower (130 molGVL
gRu
−1 h−1) in comparison with that for solution conditions but
is much higher than the reported highest value.26 Complete
conversion and 93.5% selectivity to GVL were obtained after 58
h, suggesting that Ru/FLG is also an excellent catalyst for this
reaction under solvent-free conditions.
A kinetic study was carried out to investigate the reaction
mechanism of LA hydrogenation (Figure 4). Almost complete
conversion of LA was achieved at 8 h. We found that γ-
hydroxyvaleric acid (GHA) formed at 2 h by using 1H NMR
(Figure S3 in the Supporting Information), suggesting that
GHA is the major reaction intermediate in this reaction, as
shown in Scheme 1.
Graphene-supported Ru catalysts could be separated from
aqueous solution after the reaction by ﬁltration and reused
multiple times. As shown in Figure 5, both conversion (99.3 ±
0.7%) and selectivity (95.0 ± 2.5%) were maintained for at least
ﬁve runs. Since deactivation of the catalyst could be masked at
high conversion, the stability was further conﬁrmed in an
additional recycling experiment conducted at low conversion
with a shorter reaction time of 2 h (Figure S4 in the Supporting
Information). Similarly, the conversion and selectivity did not
change signiﬁcantly within ﬁve runs.
Since traditional Ru/C shows continuous deactivation in this
reaction,26 the exceptional stability of graphene-supported Ru
catalyst is very interesting. In order to study the inﬂuence of the
support, we also tested the stability of activated carbon
Table 1. Catalytic Performance of Ruthenium Catalysts in the Hydrogenation of LAa
selectivity (%)
entry catalyst
LA concn
(wt %) S/Mb
catalyst amt
(mg) t (h)
conversn
(%) GVL otherc
av production rate of GVLd
(molGVL gRu
−1 h−1)
1e 2.0% Ru/FLG 10 4400 10 12 99.7 100 0 365
2 2.0% Ru/FLG 5 1460 15 8 99.3 97.7 2.3 178
3 2.8% Ru/FLG-WI 5 1460 10.6 8 95.5 88.5 11.5 155
4 2.1% Ru/AC 5 1460 14.2 8 59.1 64.5 35.5 70
5 0.7% Ru/SiO2 5 1460 43.7 8 53.0 66.7 33.3 65
6 2.0% Ru/Vulcan
XC72R
5 1460 15 8 63.4 71.6 28.4 84
7f 3.6% Ru/C 10 1740 10 12 90.9 68.6 31.4 63
8g 2.0% Ru/FLG 100 7330 30 32 63.9 89.1 10.9 130
9g 2.0% Ru/FLG 100 7330 30 58 100 93.5 6.5 118
10h 5% Ru/C 100 348 250 50 100 97.5 2.5 6.8
11i PtO2 286 400 44 87 6.5
12 Ru-PVP 5 1460 8 60.4 53.8 46.2 45
13 2.0% Ru/FLG, oxidized 5 1460 15 8 84.2 85.0 15.0 131
aReaction conditions unless speciﬁed otherwise: 10 mL of H2O, 0.5 g of LA, 40 bar of H2, 20 °C.
bS/M is the molar ratio of substrate (LA) to active
metal (Ru). Products were identiﬁed by GC and GC-MS. cByproducts mainly include γ-hydroxyvaleric acid, angelica lactone, and other unknown
products. dAverage production rate of GVL = (moles of produced GVL)/((mass of Ru)(reaction time)), molGVL gRu
−1 h−1. e1.0 g of LA. fUsing
commercial carbon-supported ruthenium catalyst (Ru/C). The loading amount was determined with ICP-MS. gSolvent-free reaction conditions. The
reaction was conducted at 37 °C due to the higher melting point of LA (33−35 °C). hFrom the literature:26 5.0 g of LA, 0.25 g of 5% Ru/C, 25 °C,
12 bar of H2, 50 h.
iFrom the literature:16 0.5 mol of LA, 150 mL of ethyl acetate, 0.4 g of PtO2, room temperature, 2.3−3.0 bar of H2, 44 h,
mechanical stirring.
Figure 4. Time-dependent conversion of LA and yield of GVL
obtained using 2.0% Ru/FLG catalyst in the hydrogenation and
dehydration of LA. Reaction conditions: 10 mL of H2O, 0.5 g of LA,
15 mg of catalyst (0.297 mg of Ru), S/M = 1460, 20 °C, 40 bar of H2.
Figure 5. Recycling experiment of 2.0% Ru/FLG catalyst in the
hydrogenation and dehydration of LA. Reaction conditions: 10 mL of
H2O, 0.5 g of LA, 15 mg of catalyst (0.297 mg of Ru), 20 °C, 40 bar of
H2, 8 h (the same conditions as for entry 2 in Table 1).
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supported ruthenium (Ru/AC) during recycling experiments.
We found that Ru/AC catalyst showed a low conversion (59%)
for the ﬁrst run and then deactivated continuously within
subsequent cycles (Figure S5 in the Supporting Information).
The conversion dropped signiﬁcantly to 43% in the fourth run,
similar to the behavior of traditional Ru/C catalyst observed by
other researchers.26 These results suggest that the graphene
support stabilized the catalyst from deactivation during the
reaction. Furthermore, we studied the inﬂuence of the
preparation method on catalyst stability by comparing Ru/
FLG and Ru/FLG-WI, which were prepared with polyol and
wetness impregnation methods, respectively. We found that
Ru/FLG-WI catalyst also showed excellent stability throughout
the recycling experiment (Figure S6 in the Supporting
Information); 84.4 ± 4.8% conversion and 88.5 ± 2.8%
selectivity could be steadily obtained during four runs. This
result indicated that the stabilities of graphene-supported
ruthenium catalysts were less inﬂuenced by the preparation
method. Graphene support could be the key factor responsible
for the exceptional stability.
Leaching and aggregation are common reasons for catalyst
deactivation. Hence, we analyzed the concentration of leached
ruthenium in the aqueous solution after separation of the
catalyst with an inductively coupled plasma mass spectrometer
(ICP-MS). The ratio of leaching amount of ruthenium in
aqueous solution relative to total ruthenium in the catalyst was
determined to be 0.92% and 0.64% for Ru/AC and Ru/FLG
catalysts, respectively. The low level of leached ruthenium
suggests that leaching should not be the main reason for
continuous deactivation of Ru/AC catalyst.
Hence, we also collected the TEM images of Ru/FLG and
Ru/AC after the reaction (Figure S7 and S8 in the Supporting
Information). The average particle size of Ru/FLG catalyst did
not change (1.1 ± 0.2 nm) after the reaction. However, we
found that the average particle size of Ru/AC catalyst slightly
increased from 1.1 ± 0.2 to 1.4 ± 0.3 nm. The size distribution
histogram showed that more particles with a size of 1.4−2.2 nm
formed after the reaction. Fewer surface ruthenium atoms in
larger particles could lead to lower activity. Thus, we conclude
that the aggregation of Ru nanoparticles during the reaction
could be the main reason for deactivation of the Ru/AC
catalysts.
2.3. Interaction of Ru Nanoparticles with Carbon
Support. The enhanced activity and stability of graphene-
supported Ru catalysts may be attributed to the interaction
between graphene and Ru nanoparticles. Several character-
ization techniques, including XPS, FTIR, and Raman spectros-
copy, were used to study this interaction. The results are
discussed below.
As discussed in section 2.1, the Ru 3d signal interferes with
the C 1s signal and thus is diﬃcult to resolve. Instead, we
measured Ru 3p to study the oxidation states of Ru. We
measured Ru samples prepared by either wetness impregnation
or polyol reduction (Figure 6). As shown in Figure 6a, the Ru
3p 3/2 binding energy of FLG-supported Ru (Ru/FLG-WI,
prepared by the wetness impregnation method) is 462.6 eV.
The peak deconvolution suggests that the surface is composed
of 52.3% Ru(IV) and 47.7% Ru(0). Activated carbon supported
Ru showed a higher binding energy of 462.9 eV, which is closer
to that of the RuO2 standard (463.1 eV). This sample contains
more Ru(IV) (66.1%) and less Ru(0) (33.9%) in comparison
with graphene-supported catalyst (Ru/FLG-WI). These results
suggest that graphene-supported Ru contains more Ru(0) on
the surface. We also observed a similar trend for the samples
prepared by the polyol reduction approach (Figure 6b).
Graphene-supported Ru (Ru/FLG) showed a lower binding
energy (462.6 eV) and higher concentration of Ru(0) (36.8%)
in comparison with activated carbon (Ru/AC) (462.8 eV and
29.4%, respectively). Because TEM already showed that the
particle sizes of Ru are similar, XPS results suggest that more
Ru(0) present in graphene samples could be responsible for the
improved activity, selectivity, and stability during recycling.
We also performed FTIR studies of CO adsorption on Ru
catalysts using diﬀuse reﬂectance infrared Fourier transform
spectroscopy (DRIFTS). We studied all of the Ru samples, but
due to the strong infrared absorption of carbon we only found
that Ru samples prepared by wetness impregnation gave a clear
CO signal. As shown in Figure S9 in the Supporting
Information, when Ru was supported on graphene (Ru/
FLG), we found a single CO adsorption peak at 1977 cm−1.
When activated carbon was used (Ru/C; commercial catalyst),
two peaks were resolved at 1977 and 2038 cm−1, respectively.
The peak at 2038 cm−1 could be assigned to linearly adsorbed
CO on the Ru(0) atom.48,49 However, the peak at 1977 cm−1
was located between the range of linearly adsorbed CO on high
Figure 6. Ru 3p3/2 XPS spectra of graphene-supported Ru (Ru/FLG), activated carbon supported Ru (Ru/AC), and a RuO2 standard sample: (a)
samples prepared by the wetness impregnation method; (b) samples prepared by the polyol reduction method. We performed XPS peak ﬁtting using
the CasaXPS program. All XPS spectra are calibrated by the C 1s peak at 284.6 eV. The peak widths of Ru(IV) and Ru(0) were restricted to be the
same during ﬁtting. In addition, the positions of Ru(IV) and Ru(0) were restricted to 463.0−463.2 and 461.6−461.7 eV, respectively. These ﬁtting
parameters are adopted from a reported work.47 Asymmetric and symmetric peak shapes were applied to Ru(IV) and Ru(0), respectively.
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defect sites and bridge CO adsorbed on the Ru surface. Given
that CO adsorption on Ru catalysts typically shows a high-
intensity peak of linear CO adsorption and that the graphene-
supported Ru nanoparticle is extremely small (1.1 nm), we
assign the peak at 1977 cm−1 to linear CO adsorbed on high
defect sites on the Ru nanoparticle surface. The disappearance
of the CO adsorption peak at 2038 cm−1 on the graphene-
supported Ru sample suggests that this sample only possesses
electron-rich Ru(0) atoms at defect sites that can donate more
d-band electrons to the π* orbital of adsorbed CO molecules.
These electron-rich Ru(0) atoms at defect sites could be the
reason for the superior catalytic properties of Ru/FLG in LA to
GVL conversion. These FTIR results are consistent with the
XPS characterization, because more electron-rich Ru sites can
result in XPS peak shifts to lower binding energies.
When Ru nanoparticles were supported on graphene, the
defect sites of graphene could be beneﬁcial to the stabilization
of Ru nanoparticles. During the preparation process, pristine
graphite was oxidized by potassium permanganate, giving
abundant functional oxygenated groups on the surface of
graphite oxide. After exfoliation and reduction under a
hydrogen ﬂow, defective sites were generated in graphene.
The defects of graphene samples can be measured with the
ratio of the intensities of D and G bands from Raman
spectroscopy (Figure S10 in the Supporting Information).40
The high D/G ratio (ID/IG = 0.82) of the FLG sample suggests
that a large amount of defects exist in the graphene sample after
the thermal reduction process. These defective sites could serve
as excellent anchor points to stabilize Ru nanoparticles, because
the adsorption energy of Ru on a single-vacancy site on
graphene (−7.41 eV) is much larger than that on pristine
graphene (−3.26 eV).50 After loading Ru nanoparticles, we
found that the D/G ratio slightly decreased (ID/IG = 0.79)
(Figure S10), which indicates a larger sp2 domain formed in the
Ru/FLG sample.51 No obvious peak shifts were detected,
however, probably because the change in electronic structure of
π and π* bands in defective site bonding is too little.52
It has been proposed that the origin of enhanced adsorption
of Ru nanoparticles on graphene is mainly due to the
hybridization between the dsp states of the Ru particles with
the sp2 dangling bonds at the defect sites.50 The interaction of
graphene and Ru nanoparticles can also upshift the d band
center of Ru, which thus facilitates the activation of the
hydrogen molecule, providing enhanced hydrogenation activity.
The superior stability of graphene-supported Ru catalysts over
Ru/C and Ru/AC could also be explained by the strong
interaction between Ru nanoparticles and graphene defect sites
that would prevent the leaching or migration of Ru nano-
particles.
3. CONCLUSION
Few-layer graphene supported Ru catalysts were synthesized by
loading presynthesized Ru nanoparticles onto the surface of
graphene. At room temperature, the catalyst showed 99.7% LA
conversion and 100% GVL selectivity in the hydrogenation and
dehydration of LA. The graphene-supported Ru catalysts are
2−4 times more active than ruthenium loaded on other
traditional support materials.
We found that FLG-supported Ru catalysts showed excep-
tional stability during the recycling experiment. The conversion
(∼99%) and selectivity (93−99%) could be maintained for at
least ﬁve runs. TEM characterizations indicate no obvious
aggregation of Ru nanoparticles after the reaction. In contrast,
activated carbon supported Ru catalysts showed continuous
deactivation. We found that aggregation of Ru nanoparticles
could be responsible for the deactivation of activated carbon
supported ruthenium catalysts on the basis of ICP-MS and
TEM studies.
XPS and FTIR results suggest that graphene-supported Ru
catalysts possess more Ru(0) atoms on the surface in
comparison with activated carbon supported catalysts, which
could be related to the improved activity, selectivity, and
stability of Ru/FLG in LA conversion to GVL. Graphene with a
large amount of defects could eﬀectively prevent the migration
and aggregation of supported ruthenium nanoparticles, owing
to the strong interaction between the dsp states of the Ru
nanoparticles with the sp2 dangling bonds at the defect sites of
graphene.
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